A BST RACT : Background: Susceptibility MRI may capture Parkinson's disease-related pathology. This study delineated longitudinal changes in different substantia nigra regions. Methods: Seventy-two PD patients and 62 controls were studied at both baseline and after 18 months with MRI. R2* and quantitative susceptibility mapping values from the substantia nigra pars compacta and substantia nigra pars reticulata were calculated. Mixed-effects models compared controls with PD or PD subgroups having different disease durations: early (<1 year), middle (<5 years, middle-stage PD), and late (>5 years, late-stage PD). Pearson's correlation assessed associations between imaging and clinical measures. Results: At baseline, R2* and quantitative susceptibility mapping were higher in both the substantia nigra pars compacta and substantia nigra pars reticulata in all PD patients (group effect, P 0.003). Longitudinally, the substantia nigra pars compacta R2* showed a faster increase in PD compared with controls (time 3 group, P 5 0.002), whereas quantitative susceptibility mapping did not (P 5 0.668). The substantia nigra pars reticulata R2* and quantitative susceptibility mapping did not differ between PD and controls (time 3 group, P ! 0.084), although both decreased longitudinally (time effect, P 0.004). Baseline substantia nigra pars compacta R2* was higher in all PD subgroups (group, P 0.006), but showed a significantly faster increase only in later-stage PD (time 3 group, P < 0.0001) that correlated with changes in nonmotor symptoms (r 5 0.746, P 5 0.002). Baseline substantia nigra pars reticulata quantitative susceptibility mapping was higher in middle-stage PD and later-stage PD (group, P 0.002), but showed a longitudinal decrease (time-3 group, P 5 0.004) only in later-stage PD that correlated with changes in motor signs (r 5 0.837, P < 0.001). Conclusion: Susceptibility MRI revealed distinct patterns of PD progression in the substantia nigra pars compacta and substantia nigra pars reticulata. The different patterns are particularly clear in later-stage patients. These findings may resolve past controversies and have implications in the pathophysiological processes during PD progression. V C 2018 International Parkinson and Movement Disorder Society K e y W ord s: substantia nigra pars compacta (SNc); substantia nigra pars reticulata (SNr); Parkinson's disease; magnetic resonance imaging; quantitative susceptibility mapping --
Parkinson's disease (PD) is marked pathologically by dopamine neuron loss in the substantia nigra (SN) pars compacta (SNc) of the basal ganglia. 1, 2 Increased iron in the SN also has been reported in postmortem studies of PD patients, 3 a finding that was confirmed by some, 4, 5 but not all. 6, 7 In recent years, both R2* and the newer quantitative susceptibility mapping (QSM) measures have been used to estimate iron content in brain tissue, with the latter reported to be more sensitive. 8, 9 Of the 2 sequences, Lewis et al. 10 confirms that in vivo QSM correlates better with iron content in postmortem brain tissue, whereas R2* may also capture other aspects of PD-related pathology, such as a-synuclein and possibly neuronal cell loss, in addition to tissue iron content. Several cross-sectional studies have demonstrated higher R2* and QSM in the SN of PD patients [11] [12] [13] [14] and fueled enthusiasm for using these susceptibility MRI metrics to gauge PD progression. The results of limited longitudinal studies, however, have been inconsistent, with some reporting increased nigral signals, 15, 16 whereas others failed to detect a change 17 or showed lower R2* in later stages of PD. 17, 18 These inconsistencies have shed doubt on the validity of using susceptibility MRI as a PD biomarker. 19, 20 It has been believed that neuronal loss and iron accumulation in PD are confined to the SNc rather than including the anatomically adjacent pars reticulata (SNr). 1, 21 Dopaminergic terminal loss is estimated to be 50%-80% at the time of diagnosis and may continue to progress over the next 5 years, but eventually it "plateaus," 22, 23 consistent with a first-order event 24 based on radioligand studies following PD progression. However, a recent study suggested that neuronal cell loss continues beyond 5 years. 25 Clinical symptoms continue to progress over the disease course, especially after the "honeymoon" period (ie, the first 5 years after diagnosis) 26 and include both motor and nonmotor symptoms that have devastating consequences for patients. Although free-water diffusion MRI has shown promise as a progression marker in the early stages of disease, 27 there currently are no validated biomarkers that can capture the dynamic, progressive nature of the disease in later stages beyond 5 years.
The current study investigated R2* and QSM longitudinal changes in the SN (separated into the SNc and SNr) of a relatively large cohort of PD patients with different disease durations and controls. We tested the following hypotheses: (1) both R2* and QSM in the SNc, but not the SNr, will have PD-related changes; (2) the progression of R2* and QSM may depend on disease duration, particularly after 5 years. Here, we chose 5 years as a cutoff for later-stage disease because putaminal dopaminergic fiber loss is believed to be complete by this time. 2 Last, we explored the relationship between susceptibility MRI and clinical measurement changes over time.
Methods Subjects
Seventy-two PD patients were recruited from a tertiary movement disorders clinic, and 62 controls were recruited from spouses and from the local community as part of a longitudinal study sponsored by the National Institute of Neurological Disorders and Stroke PD Biomarker Program. PD diagnosis was confirmed based on the UK Brain Bank diagnosis criteria. 28 A MRI follow-up study visit occurred 18.8 6 0.8 months after the baseline visit. All participants were free of major medical issues or neurologic conditions other than PD. Demographic and clinical characteristics, the Movement Disorder Society Unified PD Rating Scale parts I, II, and III (MDS-UPDRS-I, -II, -III); levodopa-equivalent daily dosage (LEDD); the Montreal Cognitive Assessment (MoCA); the Hamilton Depression Rating Scale (HDRS); and the PD Questionnaire (PDQ-39) were obtained from all participants every 6 months, while patients were on optimized antiparkinsonian medications (ON state 
MRI Image Acquisition and Analysis
At each visit, T1-weighted, T2-weighted, and multigradient-echo MR images were acquired on a 3T Siemens scanner. A magnetization-prepared rapid acquisition gradient echo sequence was used to obtain T1-weighted images with repetition time/echo time, 1540/ 2.34 milliseconds; field of view, 256 3 256; slice thickness, 1 mm (with no gap); and slice number, 176. A fast spin-echo sequence was used to obtain T2-weighted images with repetition time/echo time, 2500/ 316 milliseconds; and the same spatial resolution settings as T1-weighted images. T2*-weighed images were acquired using a multi-gradient-echo sequence with 8 echoes (echo times ranging from 6.2 to 49.6 milliseconds), and repetition time, 55 milliseconds; flip angle, 15 8; field of view, 240 3 240; matrix, 256 3 256; slice thickness, 2 mm; slice number, 64; and voxel size, 0.9 3 0.9 3 2 mm 3 . All T1-weighted and T2-weighted images were inspected offline and deemed free of severe motion artifacts or any major
structural abnormalities. R2* images were generated by nonlinear curve fitting of a monoexponential equation (SðTEÞ5S 0 e 2R2 Ã TE ), using the LevenbergMarquardt approach. QSM images were generated using the morphology-enabled dipole inversion method with a nonlinear formulation of the magnetic field to source. 30 
Segmentation of Midbrain Structures
Three midbrain structures, the SNc, SNr, and red nucleus (RN), were segmented using automatic atlasbased parcellation, followed by manual correction (see Supplementary Fig. 1 ). This semiautomatic approach was designed to improve the accuracy and repeatability of the segmentation and consisted of 4 steps. In step 1, T1-and T2-weighted images from 20 randomly selected controls were used to construct an ageappropriate template using an unbiased atlas construction algorithm in the Advanced Normalization Tools (ANTS) package. 31 The SNc, SNr, and RN were defined manually on the constructed T2-weighted template according to previous reports. 11, 13 Briefly, the RN was defined by 6 slices of the hyperintense circular region in the midbrain. The SNc was defined using 6 slices from superior to inferior, starting from the middle of the red nucleus, as a 4 3 10 mm kidney-shaped region between the RN and hypointense band. The SNr was defined as the hypointense region lateral to the SNc and medial to the cerebral peduncle. Supplemental Figure 1 shows the exact location of these 3 structures. In step 2, an atlas-based segmentation pipeline (AutoSeg v3.0; University of North Carolina Neuro Image Analysis Laboratory) generated the segmentations in individual space based on the T2-weighted contrast. In step 3, automatic segmentation results from all subjects were inspected visually and corrected manually by a rater blinded to group information. In total, 17% of the automatic segmentation results were corrected manually (42 of 252 segmentations). In step 4, an affine registration algorithm was used to bring the regions of interest (ROIs) in T2-weighted images to the quantitative MR images (R2* and QSM). Finally, means of R2* and QSM values from each ROI (including both sides of each structure) were calculated for individual subjects.
Thirty randomly selected subjects at baseline were used to assess the interrater reliability of the manual correction step in our image segmentation approach. The agreement between 2 raters for 6 MRI measures was assessed by interclass correlation coefficients that were high for all measures (>0.91).
Statistical Analyses
Demographic data were compared between groups at baseline using the chi-square exact test for sex and the 2-tailed Student t test for age and years of education.
Mixed-effects models with a random intercept term were used for all longitudinal MRI measurements. The main variables of interest included group (with PD as the reference group), time (baseline or follow-up visit), and their interaction term (time 3 group, namely, the PD-related longitudinal effect compared to controls). The covariates adjusted in the mixed-effects models were baseline age, sex, and years of education. For subgroup analyses, PD subgroups (based on disease duration) were compared with controls using mixed-effects models with the same settings to assess potential stage-dependent longitudinal effects for R2* and QSM. In addition, the QSM measure was added as a covariate in the R2* mixed models to assess whether the longitudinal effects in R2* remained. Multiple comparisons were corrected using the Bonferroni procedure with a factor of 6 to account for 3 ROIs and 2 MRI measures (P < 0.0083).
Finally, we explored the relationship between longitudinal changes (D) in R2* or QSM and changes in clinical measures using partial Pearson correlations with adjustment for age, sex, and LEDD. Residual scatterplots were used for visualizing the correlation results. Because of the explorative nature, we did not correct these analyses for multiple comparisons (P < 0.05). All statistical analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC).
Results

Demographic Information
At baseline, PD and controls were not significantly different in age, sex frequency, or education ( Table 1 ). The dropout rates for the 18-month visit were 11.1% for PD patients and 12.9% for controls. PD patients had significantly higher MDS-UPDRS-I, -II, and -III subscores and higher HDRS and PDQ-39 scores at baseline. The MoCA score was similar for PD patients and controls.
Group Analysis of Midbrain R2* and QSM At baseline, both R2* and QSM values in all PD patients were higher in both the SNc and SNr compared with controls (Table 2) . Longitudinally, R2* increased faster in PD compared with controls in the SNc (time-3 group, P 5 0.002), whereas QSM did not (P 5 0.668). In the SNr, R2* and QSM in PD did not differ from controls (time 3 group, P ! 0.084), although both decreased over time (time effect, P 0.004). There were no significant differences in the RN for R2* or QSM, either for PD versus controls or over time.
Subgroup Analysis of Midbrain R2* and QSM
Baseline R2* in the SNc was higher in all PD subgroups (P 0.006; Fig. 1A ) compared with controls. Longitudinally, only the PDL subgroup showed a strong time 3 subgroup interaction effect (P 5 0.0001),
indicating a faster increase compared with controls. Baseline SNr R2* values were higher only in the PDL subgroup (Fig. 1A ) compared with controls (P 5 0.006). Longitudinally, there was a trend of time-3 subgroup interaction (P 5 0.012) for the PDL subgroup, indicating a faster decease, but it did not reach statistical significance after Bonferroni correction. Baseline QSM metrics in the SNc and SNr were increased in both PDM (P 0.002) and PDL (P < 0.0001) patients (Fig. 1B) . There was no significant longitudinal effect for QSM at any disease stage in the SNc. Similarly to R2*, QSM in the SNr showed a faster decrease in PDL patients compared with controls (P 5 0.004). No significant longitudinal R2* or QSM findings were observed in the RN.
Relationship Between R2* and QSM R2* and QSM were strongly correlated in all 3 structures (r 5 0.559, P < 0.0001 for the SNc; r 5 0.867, P < 0.0001 for the SNr; and r 5 0.812, P < 0.0001 for the RN). To test whether the longitudinal effects of R2* could be modulated by QSM, we included QSM as a covariate for all R2* group and subgroup analyses above. Controlling for QSM did not affect the significance of either the group or time-3 group interaction effects for the R2* group analysis in the SNc (P 5 0.009 for group and P 5 0.0006 for time 3 group interaction). In the subgroup analyses, the R2* time 3 subgroup effect for PDL patients persisted in the SNc (P < 0.0001), but was abolished in the SNr (P 5 0.784), when QSM was controlled for.
Correlation Analyses With Clinical Measurements
Correlations between imaging and clinical measures were explored only when group and subgroup analyses demonstrated significant longitudinal effects (Supplementary Table 2 ) and the strongest correlations were plotted (Fig. 2) . As shown in Supplementary Table 2, DSNc R2* was correlated modestly with DUPDRS-I subscore in the overall PD group (r 5 0.337, P 5 0.016). Considering the PDL subgroup alone, DSNc R2* correlated with DUPDRS-I subscore (r 5 0.746, P 5 0.002) and less strongly with DUPDRS-II subscore (r 5 0.565, P 5 0.035; Supplementary Table 2 and Fig. 2), whereas DQSM in the SNr was correlated with DUPDRS-III subscore (r 5 0.837, P < 0.001). Parenthetical terms are standard deviation (SD).
a P value for sex is the group difference at baseline using the chi-square test. The P values for age and education years are group differences at baseline using the 2-tailed Student t test. P values for UPDRS-I, -II, -III, MoCA, HDRS, and PDQ39 are group difference at baseline using a mixedeffects model adjusting for age, sex, and years of education. Values represent the mean and standard error of the mean (SEM).
a P values are from a mixed-effects model adjusting for age, sex, and years of education. The P value for group is the group difference at baseline, the P value for time is the change in the reference group (PD) over time, and the P value for group 3 time is the difference in changes between PD patients and controls. Boldface italic font indicates that P values are significant after Bonferroni correction (P < 0.0083). PD, Parkinson's disease; QSM, quantitative susceptibility mapping; RN, red nucleus; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata.
D U E T A L
Discussion
The current results support the hypothesis that susceptibility MRI may capture PD-related progression in the SN. More importantly, our study demonstrated for the first time a distinct pattern of PD progression in the SNc and SNr. Consistent with our initial hypothesis, R2* increased with PD progression in the SNc, the region of key PD pathology. When subgrouped by disease duration, the analysis revealed that the longitudinal change was statistically significant only in later stages of disease (>5 years), where it strongly correlated with nonmotor progression. Intriguingly, we discovered significant R2* and QSM decreases in the SNr in later-stage PD patients that were correlated with motor progression. Together, these results suggest that susceptibility MRI can mark Parkinson's progression, and that R2* and QSM in the SNc and SNr may reflect different aspects of PD-related pathology and follow different patterns of progression. The findings also may resolve discrepant results from some prior longitudinal studies 15, 17, 18, 32 and suggest that the pathophysiological processes of PD progression can be region specific and non-monotonic.
Defining Substantia Nigra Subregions
We investigated the SNc and SNr separately because cell death in PD occurs primarily in the SNc, not in the SNr. 1, 21 Earlier, Ulla et al 32 defined the SNr and SNc by placing a circular ROI in the anterior and posterior regions of the SN, respectively, and demonstrated longitudinal R2* increases in both regions. Martin et al 11 identified the medial and lateral aspects of the SN as the SNc and SNr, respectively, and found significant cross-sectional R2* increases in the SNc, but not the SNr. Consistent with the latter study, our 1427
previous work identified the medial SN as having the most robust change in PD using a voxel-based approach. 13 Thus, we used an anatomical definition for the SN similar to Martin et al 11 for the current study.
SNc R2* Increases During PD Progression and Its Practical Implications
Our findings of greater rates of increases in SNc R2* in PD patients overall are in agreement with those reported by Ulla 32 and Hopes et al. 15 In a study of PD patients (n 5 19) early in their disease course (untreated at the beginning of the study), Wieler et al 17 did not observe longitudinal effects. Consistent with their finding, our subgroup analysis in early-to mid-stage PD patients also did not reach statistical significance.
Most studies, such as Martin et al, have focused on early-stage PD patients in whom neuroprotective therapies are thought to have the greatest impact. 22, 23 Many PD patients currently live >15 years after diagnosis, 33 and their symptoms continue to progress throughout the disease course in the absence of disease-modifying therapy. Thus, it is imperative to find biomarkers that capture progression in later-stage PD. The current study provides the first evidence of an SNc R2* increase that is particularly clear in laterstage PD patients.
The finding that R2* in the SNc may be a laterstage PD biomarker is important because it suggests that there is ongoing PD pathological progression at the SNc, even after the nigrostriatal tract has largely degenerated. 22, 23 SNc R2* progression was correlated strongly with nonmotor symptoms that are the more prominent and disabling features in later disease stages. Previously, several groups have reported striatal changes that affect olfaction, 34 working memory, 35 and sleep. 36 The current results add further evidence that pathological processes in the SNc are related to nonmotor functions and their progression in laterstage patients.
SNc R2* May Capture PD-Related Pathological Processes Beyond Iron
The R2* contrast consists of both susceptibility and the transverse relaxation rate that may be influenced by local myelin and cellular structural properties, 37, 38 whereas QSM captures more iron-specific susceptibility changes. 9, 38 Previous studies supported that QSM may be a better marker than R2*for iron in brain tissue. 8, 9 We found QSM is higher in the SN only in middle-and later-stage patients, consistent with reports that increased iron is observed in advancedstage PD patients. 4, 5, 39 However, our study did not detect significant longitudinal changes in QSM, possibly because QSM is less stable than R2* 40 despite having a better signal for iron. 9 The fact that R2* changes in the SNc persisted even after adjusting for QSM suggests that R2* may capture, in addition to iron, the complex microstructural changes occurring during PD progression. Consistent with this, Lewis et al. 10 demonstrated that R2* also may reflect asynuclein and possibly neuronal cell loss in the SN.
Nonlinear SNr Changes During PD Progression
Previous susceptibility MRI studies in the SNr have been inconsistent. Two studies observed higher R2* values in the SNr of PD patients, 12 ,32 whereas one did not. 11 Consistent with the former studies, our study found higher R2* in the SNr at baseline. Because adjusting for QSM abolishes SNr R2* changes, the SNr R2* finding likely is dominated by iron changes in this structure. A postmortem study suggests no neuronal loss in the SNr of PD patients. 21 Thus, SNr iron changes may be a secondary or compensatory process relative to the primary PD pathology in the SNc. It is not surprising then that SNr R2* and QSM seemed to 
have different patterns of change compared with the SNc. Ulla et al 32 found that R2* in the SNr increased over a 36-month epoch. Contrary to this, we did not detect significant PD longitudinal changes compared with controls in our group analyses. The different SNr definition and longer period used by Ulla et al 32 may have contributed to the disparate results of the 2 studies. In our subgroup analyses (the first study of its type), we found significant decreases in R2* and QSM in the SNr in later-stage PD patients that suggest there may be an inflection point for iron accumulation in the SNr during PD progression. The timing of this point (about 5 years after diagnosis), corresponds to the end of the "honeymoon period" in PD. 26 Interestingly, decreasing SNr R2* and QSM correlated strongly with less PD motor deterioration in PD patients with disease duration >5 years. Thus, this shift in SNr R2* may reflect a change in the brain compensatory processes relating (or responding) to motor disability.
The current study demonstrated an intriguing shift in the SNr from higher iron status at the beginning of PD to a dynamic decrease as disease advances. Postmortem studies of PD patients generally involve those at more advanced disease stages and thus may not capture this nonlinear pattern of iron accumulation in the SNr. Our finding underscores the importance of using iron-sensitive MRI sequences to delineate the time course of in vivo iron changes in a stage-and region-specific manner. This may provide a better understanding regarding the role of iron in the pathophysiology of PD progression, as well as an excellent biomarker for therapies that engage iron.
Together, these data suggested dynamic, shifting roles of iron in PD progression. In the early part of the PD process, iron accumulation in the SNr may play a compensatory role to "absorb" the consequences of active neurodegenerative processes occurring in the SNc, whereas with disease progression, iron accumulated in the SNr may be mobilized and redistributed. Indeed, the faster loss of iron from the SNr seems to occur in later-stage PD patients and is related to slower UPDRS-III progression. Because of the hypothesis that iron may play an etiological role in PD, there are ongoing efforts toward using ironchelating agents 41 to modify disease progression. 42 If iron accumulation indeed provides compensation in early-stage PD patients, this effort might be counterproductive. Our data suggested that facilitating iron mobilization out of the SNr, however, might be beneficial in later-stage patients, and chelating the redistributed iron may thus be something to consider. As such, clinical trials may be improved by monitoring a combination of R2* in the SNc and QSM in the SNr.
Limitations
There are several limitations for our study. First, there is a lack of robust measures for clinical progression. Although the UPDRS-III is a standard tool used to assess PD motor deficits, it is an insensitive longitudinal marker for PD progression 43 because ongoing symptomatic treatments are targeted to diminish those changes. In addition, UPDRS-III is subjective, has low interrater reliability, 44 and motor symptoms can vary depending on the time of day, subject activity level, and/or mood among other factors. We intended to minimize this by using UPDRS-II data to capture motor-related symptoms experienced in the previous week, by completing the UPDRS-III examinations at approximately the same time for each subject (morning), and by standardizing study visit protocols. Promisingly, we did find a strong correlation between DQSM in the SNr and DUPDRS-III, and a moderate correlation between SNc DR2* and UPDRS-II in laterstage PD patients, which coincides with the onset of decreasing SNr values. Second, our MRI and clinical data were captured in the on-drug state, and thus R2* and QSM measures may be confounded by PD medications. R2* and QSM studies in drug-naive PD patients and its progression may help to address this issue, but it is both difficult and impractical to determine the medication effect in later-stage PD patients. In particular, medication and inter-rater variability have a substantial impact on UPDRS-III score, which makes it less sensitive to the actual severity of disease in patients. The measured UPDRS-III scores more likely reflect symptoms that are less responsive to levodopa treatment. This may account for the lack of a correlation between SNc R2* values and UPDRS-III scores. Future studies to investigate the effects of PD medications on susceptibility MRI are warranted.
Conclusion
Different neuroimaging modalities have been studied in recent decades with the goal of detecting PD-related pathological changes. The current study, coupled with our companion report, 10 offers new perspectives that are important to integrate into prior findings. Specifically, dopamine deficits (PET and SPECT) 25 and volume loss (morphometric MRI) in the striatum 29 are most pronounced in early-stage PD patients and "plateau" after 5 years. Conversely, extranigral changes (such as cortical volume and gyrification) persist into later disease stages. The current study, by following susceptibility MRI changes longitudinally in PD patients at different disease stages, demonstrated a longitudinal increase in SNc R2*, the location of primary neuronal cell loss in the SN. Most intriguingly, our data suggested a nonlinear pattern of R2* and QSM changes in the SNr of PD patients. Our findings, in concert with previous neuroimaging studies, offer a 
